Recent advances in the molecular identification and serotyping of Streptococcus pneumoniae are useful for culture-negative samples; however, there are limitations associated with these methods. We aimed to assess the value of molecular assays for invasive pneumococcal disease (IPD) surveillance in South Africa from 2010 through 2012. Nonviable isolates and culture-negative clinical specimens were tested for the lytA gene and, if positive, were serotyped, using real-time PCRs. Multinomial regression analysis was used to determine the maximum lytA cycle threshold (C T ) value useful for predicting the ability to detect a serotype for the sample. The 2 test was used to compare the prevalence of serotypes between viable/nonviable isolates and culture-negative clinical specimens. Of 11,224 IPD cases reported, 1,091 (10%) were culture-negative samples and 981 (90%) of these were lytA positive. Samples with a lytA C T value of >35 were significantly less likely to be serotyped. A serotype/group was determined for 87% (737/844) of samples with a lytA C T value of <35, of which 60% (443/737) were identified as individual serotypes. The serotype prevalence did not differ significantly between isolates and culture-negative specimens. Although molecular serotyping added 7% (737/11,224) serotyping data, the inability to resolve 40% of samples to single serotypes remains a challenge for serotype-specific data analysis.
S
treptococcus pneumoniae is a commensal bacterium of the upper respiratory tract, as well as a significant human pathogen. Each year, pneumococcal diseases result in Ͼ1 million deaths globally in children Ͻ5 years of age (1) . The high burden of pneumococcal disease is also observed in elderly individuals, causing substantial morbidity and mortality (2) . The polysaccharide capsule of the pneumococcus is an important virulence determinant (3, 4) and is the target for a number of pneumococcal vaccine formulations. At least 94 serotypes have been identified (5); however, only approximately 15 to 20 serotypes are responsible for the majority of disease worldwide (6) .
Culture remains the gold standard for diagnosis of pneumococcal disease due to its high specificity, but it has a low sensitivity and requires long incubation periods. Antibiotic therapy prior to specimen collection and suboptimal culturing conditions hinder the yield of cultures (7, 8) . PCR-based methods targeting pneumococcus-specific genes, such as lytA, have resulted in improved and timely diagnosis of pneumococcal disease (9) (10) (11) .
Determination of a pneumococcal serotype is important for surveillance and determining the effectiveness of polysaccharide-based vaccines. For decades, the Quellung reaction (12) has been the gold standard for serotyping; however, the method is culture dependent and therefore is not useful for culture-negative lytA-positive specimens. Sequencing of the capsular polysaccharide synthesis genes (13, 14) has enabled the development of conventional (15) and real-time PCR (16) (17) (18) assays. The increased sensitivity of real-time PCR assays compared to that of conventional PCR assays increases the potential to serotype specimens with low bacterial loads.
Molecular serotyping assays have a number of limitations. First, the high genotypic similarities between the capsular loci of certain serotypes make it difficult to develop a serotype-specific assay, and, therefore, certain serogroups will remain unresolved to specific serotypes (14) . This is problematic for serotype-specific disease surveillance and specifically in cases where vaccine and nonvaccine serotypes cannot be differentiated. Second, limited serotypes are included in most assays to reduce the time and labor required, and, therefore, not all serotypes will be detected. Most assays target vaccine serotypes and potentially relevant nonvaccine serotypes. Despite the widespread use of PCR-based serotyping assays, the challenges of analyzing the results of these assays in a surveillance setting have not been fully assessed. In the South African national invasive pneumococcal disease (IPD) surveillance, real-time PCR-based serotyping was initiated in January 2010 and is performed routinely on all culture-negative samples in order to increase the proportion of serotyped samples. Acknowledging the above-mentioned limitations, we aimed to evaluate the utility of molecular pneumococcal serotyping over a 3-year period of surveillance by determining the following: (i) the lytA cycle threshold (C T ) value cutoff for optimal serotype identification, (ii) the proportion of samples for which a single serotype could be identified, and (iii) the serotype distribution between culture-positive and culture-negative samples.
MATERIALS AND METHODS
Invasive pneumococcal disease surveillance. Laboratory-based surveillance for invasive pneumococcal disease (IPD) was initiated nationwide in South Africa in 1999 (19) . By 2012, 215 laboratories routinely submitted isolates or clinical specimens in the event that an organism could not be cultured, to the reference laboratory at the National Institute for Communicable Diseases (NICD). The case definition for IPD is illness requiring hospitalization with the isolation of S. pneumoniae or detection of pneumococcal DNA (lytA) by a PCR or a positive latex antigen test with a matched Gram stain result from a normally sterile site specimen (e.g., blood, cerebrospinal fluid [CSF], or joint or pleural fluid). Upon receipt of specimens, the bacterial strains are subcultured from Dorset transport medium onto 5% horse blood Columbia base agar (Oxoid, Hampshire, UK). The culture identification is confirmed using standard microbiological procedures (20) . Strains are serotyped by the Quellung reaction (12) using type-specific antisera (Statens Serum Institute, Copenhagen, Denmark). Nonviable isolates include (i) isolates transported on Dorset medium that failed to grow upon receipt at the NICD (nonviable transport medium [NVTM] samples) and (ii) autolyzed blood culture broths flagged by the BacT/Alert system as positive signals for microbial detection at the sending laboratories and confirmed to be pneumococcus by antigen detection (21) . Culture-negative samples include clinical specimens (e.g., CSF, blood, and pleural fluid) yielding no growth. Confirmed IPD cases identified through laboratory audits are also included.
For surveillance purposes, all nonviable isolates are considered IPD cases, whereas culture-negative clinical specimens received for diagnostic purposes are only considered IPD cases if identified as positive for the lytA gene.
Molecular identification and serotyping of culture-negative samples. (i) DNA extraction. DNA extraction was performed using the MagNA Pure Compact or MagNA Pure LC 2.0 instrument (Roche, Mannheim, Germany) with a DNA isolation kit I or DNA isolation kit III (Roche), respectively. DNA extraction was performed according to the manufacturer's instructions from 200 l of sample and eluted into 100 l of elution buffer.
(ii) Molecular identification. The lytA gene was detected using either a singleplex real-time PCR assay (10) or a multiplex real-time PCR assay (22) as previously described. Briefly, for the singleplex assay, each 25-l reaction consisted of 1ϫ TaqMan gene expression master mix (Applied Biosystems, Foster City, CA), forward and reverse primers (200 nM), a FAM-labeled TaqMan minor groove-binding (MGB) probe (200 nM) (Applied Biosystems), and 2.5 l of DNA. For the multiplex assay, each 25-l reaction consisted of 12.5 l of Platinum PCR SuperMix-UDG (Invitrogen, Carlsbad, CA), primers and probes as previously described (22), and 2 l of DNA. The singleplex reaction was performed to confirm suspected pneumococcus-positive nonviable samples, including NVTM samples and autolyzed blood culture broths, while the multiplex reaction, which simultaneously detects S. pneumoniae, Haemophilus influenzae, and Neisseria meningitidis, was performed as a diagnostic test for all culture-negative clinical specimens. Samples were considered positive if the lytA C T value was Ͻ40. Additionally, a PCR inhibition control assay targeting the human RNase P (RNaseP) gene was performed on all clinical specimens and blood culture broths to exclude the negative results due to PCR inhibition, sample degradation, or DNA extraction failure (10) .
(iii) Molecular serotyping. Molecular serotyping was performed on the lytA-positive nonviable isolates and culture-negative clinical specimens (Table 1) Altogether, taking into account the mixed serotypes or serogroups, the assay detected 42 serotypes. Samples negative for all reactions were recorded as negative for the 42 serotypes detected by the assay (NEG42).
Data analysis. We assessed the correlation between the C T values obtained from the serotyping and lytA assays using linear regression analysis. To assess the performance of the serotyping assay over different lytA C T values, we used multinomial regression analysis. Multinomial regression allows modeling of outcome variables with Ͼ2 categories and relates the probability of being in category j to the probability of being in a baseline category. A complete set of coefficients are estimated for each of the j levels being compared with the baseline, and the effect of each predictor in the model is measured as the relative risk ratio (RRR). For this analysis, we used the proportion of serotypable samples with lytA C T values of Յ30 as the baseline category and compared it with the proportion of serotypable samples with individual lytA C T values from 31 to 38. Only 2 samples with lytA C T values of 39 were available in the data set and were excluded from the analysis because of the small sample size in this group. The proportions of serotypes included in the molecular serotyping assay that were detected among the viable isolates and culture-negative samples were compared using the 2 test for categorical variables. In order to determine whether there was a difference in the proportion of a specific serotype detected between viable/nonviable isolates and culture-negative clinical specimens, we compared the proportions of serotypes between different sample types using the 2 test for categorical variables. Statistical significance was assessed at a value of P Ͻ0.05 for all models. The statistical analysis was implemented using STATA version 12 (StataCorp., TX).
Ethics. Ethics approvals for the national surveillance (protocol no. M08117) and this project (protocol no. M10364) were obtained from the University of the Witwatersrand, Johannesburg. Identification of the lytA C T value cutoff for optimal serotype identification. Of the 1,091 culture-negative samples received, 981 (90%) were lytA positive with a median lytA C T value of 25. A total of 941 (96%) samples were available for serotyping, and a serotype/group was determined for 797 (85%). For two of these samples, two serotypes/groups were detected, indicative of mixed infections, and these samples were excluded from further analysis. In addition, two samples with lytA C T values of 39 were excluded from the analysis because of the small sample size in this group. A positive linear correlation was observed between the lytA C T values and serotyping C T values (linear regression coefficient 0.9, P Ͻ 0.001) (see Fig. S1 in the supplemental material).
We observed a decrease in the proportion of samples for which a serotype/group was determined for samples with a lytA C T value of Ն34 (Table 2 ). Compared to the proportion of samples with a lytA C T value of Յ30, the decrease in the proportion of serotypable samples was statistically significant for samples with a lytA C T value of Ն35 (P ϭ 0.003). The proportion of serotypable samples declined from 89% for samples with a lytA C T value of Յ30 to 78% for those with a C T value of 34, although the decline was not statistically significant. From this analysis, a lytA C T value cutoff of Ͻ35 was used. Samples with a lytA C T value of Ͻ35 which could not be assigned a serotype/group were regarded as true negatives for the serotypes included in the assay.
Molecular detection and serotyping from culture-negative samples. From 2010 to 2012, 1,091 IPD culture-negative samples were received, and lytA was detected in 981 (90%) ( Table 3) . Of the 844 samples that had a lytA C T value of Ͻ35 and had specimen/ DNA for serotyping, a serotype/group was detected for 737 (87%), of which 443 (60%) were single serotypes, 292 (40%) were mixed serotypes/serogroups, and 2 tested positive for two serotypes, indicative of mixed infections. For 13% (107/844) of the samples, a serotype/group was not detected (NEG42).
Nonviable transport medium samples. Of the 633 NVTM samples received, 83% (n ϭ 528) were lytA positive with a median C T value of 26. A serotype/group was detected for 87% (374/431) of samples that had a lytA C T value of Ͻ35 and had specimen/ DNA for serotyping. Two samples had mixed infections with two serotypes detected and were excluded from further analysis. For the remaining 372 samples, a single serotype was identified for 227 (61%) and mixed serotypes/groups were detected for 145 (39%).
Blood culture broths. Of the 299 blood culture broths received, 294 (98%) were lytA positive. A total of 275 samples had a lytA C T value of Ͻ35 and had specimen/DNA for serotyping, and a serotype/group was detected for 246 (89%), including 153 (62%) single serotypes and 93 (38%) mixed serotypes/groups.
Clinical specimens. A total of 468 culture-negative clinical specimens were received. Of these, 34% (159; 157 from CSF and 2 from pleural fluid) were positive for S. pneumoniae, 24% (112; 100 from CSF and 12 from blood) were positive for N. meningitidis, 3% (15; 13 from CSF and 2 from blood) were positive for H. influenzae, and 39% (182) were negative for all three pathogens. A serotype/group was detected for 85% (117/138) of specimens that had a lytA C T value of Ͻ35 and specimen/DNA for serotyping. Of these, 54% (63) were identified as single serotypes, and 46% (54) were identified as mixed serotypes/groups.
Comparison of serotype distributions between sample types. For the viable isolates, 49% (3,636/7,442) belonged to one of six serotypes, including serotype 1 (1,020/7,442, 14%), 19A (797/ 7,442, 11%), 6A (534/7,442, 7%), 23F (438/7,442, 6%), 12F (435/ 7,442, 6%), and 4 (412/7,442, 6%) (Fig. 1A) . Among the nonviable isolates (including nonviable transport medium and blood culture broths), serotypes 1 (126/704, 18%), 19A (71/704, 10%) 6A/B (70/704, 10%), 12A/B/F (51/704, 7%), 4 (50/704, 7%), and 14 (32/704, 5%) were the most prevalent serotypes/serogroups detected, accounting for 57% (400/704) of nonviable isolates (Fig.  1B) . Among culture-negative clinical specimens, serotypes 1 (23/ 138, 17%), 6A/B (15/138, 11%), 12A/B/F (12/138, 9%), 4 (12/138, 9%), 15A/B/C/F (7/138, 5%), and 19A (7/138, 5%) were the predominant serotypes, accounting for 55% (76/138) of serotypes in this group (Fig. 1B) . The 42 serotypes detected by the molecular serotyping assay accounted for 89% (6,598/7,442) of the viable isolates and 87% (737/844) of the culture-negative samples with a lytA C T value of Ͻ35 (P ϭ 0.27). In contrast, 62% (60/97) of the culture-negative samples with a lytA C T value of Ն35 were serotypes included in the assay (6,598/7,442 versus 60/97, P Ͻ 0.001).
Overall there were no significant differences determined in the proportions of specific serotype/group between viable/nonviable isolates and culture-negative clinical specimens (P ϭ 0.17) ( Table  4 ). The proportions of serotype 19A differed significantly (P ϭ 0.048) between viable/nonviable isolates (11%, 868/8,146) and culture-negative clinical specimens (5%, 7/138).
DISCUSSION
We analyzed 3 years of IPD surveillance data during which culturenegative samples accounted for 10% (1,091/11,224) of cases. Overall, an additional 7% (737/11,224) of serotyping data were added to our surveillance as a result of molecular serotyping, highlighting the added value of these methods in a surveillance setting. This proportion may increase significantly in parts of the developing world where culturing practices are suboptimal and/or specimens are transported over long distances, compromising specimen quality and resulting in a greater number of culture-negative specimens. There are, however, a number of important factors that should be considered in the decision to implement molecular serotyping and analysis of the data. A sample should only be considered negative for the serotypes included in the assay if the sample had a sufficient pneumococcal load. In this study, samples with a lytA C T value of Ն35 had a significantly reduced probability of the serotype being detected, and inclusion of these data would therefore result in an overestimation of the serotypes not included in the assay. For accurate analysis and interpretation of molecular serotyping data, a lytA C T value cutoff should be determined for the individual setting, as this value may differ depending on the assay used and only samples with lytA C T values lower than this cutoff should be included. This may be less problematic for certain sample types, such as blood culture broths, which inherently have high bacterial loads. In our study, 99% of blood culture broths had a C T value of Ͻ35 in comparison with 84% of the nonviable transport media and 92% of clinical specimens. High blood pneumococcal loads are associated with severe disease and outcome (23) , and, therefore, patients who are sampled as part of a systematic pneumonia surveillance are likely to have lower blood pneumococcal loads than patients from whom a specimen is collected for etiological diagnosis of severe disease.
In our study, approximately 60% of samples were identified as single serotypes with the remainder identified as mixed serotypes/ groups. This is problematic for serotype-specific analyses such as capsular-based vaccine effectiveness studies (24) and serotype association studies (4, 25) , where the separation of individual serotypes is essential, and is particularly relevant for countries that have introduced the pneumococcal conjugate vaccines and are evaluating the effect of the vaccine in their setting. Methods such as the Quellung reaction, which are able to separate individual serotypes, specifically vaccine serotypes, remain the preferred methodology. In South Africa, the 7-valent pneumococcal conjugate vaccine was introduced into the routine child immunization program in April 2009 and was replaced by the 13-valent vaccine in July 2011. Our data show decreasing numbers of IPD samples from 2010 to 2012, with an increasing proportion of samples with serotypes not detected by the real-time PCR assay, which may reflect decreases in disease rates and changing serotypes in our population; however, attribution of these changes to the vaccine would be strengthened by analysis of individual serotypes.
There were no significant differences observed in the predominant serotypes detected among the viable isolates and culturenegative samples in our study. Serotypes 1, 4, 6A/B, 12A/B/F, and 19A were among the most prevalent serotypes/groups detected for the viable isolates, nonviable isolates, and culture-negative samples. This indicates that serotype is not associated with the initial culture of the diagnostic specimen and that it is more likely other factors such as host, specimen culture, and/or transport practices that influence the viability of pneumococci.
While molecular serotyping methods enable serotyping from culture-negative samples and add data to surveillance systems, caution should be taken when a molecular assay is used as a standalone serotyping method. Samples should have sufficient pneumococcal loads, and serotype-specific analysis of the data will be limited. With ongoing advances in molecular methods, including increased sensitivity and the ability to detect more individual serotypes (17) , many of these limitations will likely be overcome. However, the large number of pneumococcal serotypes and Other refers to the remaining serotypes included in the PCR assay, and NEG42 refers to the samples negative for the 42 serotypes detected by the assay.
changing serotype trends due to vaccine use will, for now, continue to challenge the pneumococcal research community.
